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Abstract
Houseflies (Musca domestica L., Diptera: Muscidae) are cosmopolitan, colonizing, and eusynanthropic. Their
distribution in the Malaysian archipelago provides an opportunity to study successive waves of colonization
and extinction during the Pleistocene and Recent epochs. We scored single‐strand conformation
polymorphisms (SSCPs) at 16S2 and COII mitochondrial loci in 47 housefly samples from the Australian,
Austro‐Malayan, Indo‐Malayan, Manchurian and Indo‐Chinese subregions of Wallace's zoogeographical
classification. We discuss the results in light of the Pleistocene vs. post‐Pleistocene dispersal and faunal
exchange in the Asia‐Pacific area. Fourteen haplotypes were detected, of which 10 were confined to a single
subregion. No haplotype was ubiquitous and only one was found in four subregions. Population diversity, HS,
was greatest in the Indo‐Malayan (0.36) and heterogeneous among subregions. The mean subregional
diversity was 0.21 ± 0.03, representing the probability that two randomly chosen flies, from any subregion,
had different haplotypes. The hierarchical partition of diversity indicated restricted maternal gene flow among
subregions (GRT = 0.60, Nm∼ 0.32). These results suggest long‐standing genetic isolation of houseflies in the
Malaysian archipelago and support the hypothesis that they dispersed widely during the Pleistocene.
Haplotypes common among mainland populations but shared with island groups in low frequencies (<1%)
indicate surprisingly little recent gene flow.
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Abstract. Houseflies (Musca domestica L., Diptera: Muscidae) are cosmopolitan,
colonizing, and eusynanthropic. Their distribution in the Malaysian archipelago
provides an opportunity to study successive waves of colonization and extinction
during the Pleistocene and Recent epochs. We scored single-strand conformation
polymorphisms (SSCPs) at 16S2 and COII mitochondrial loci in 47 housefly
samples from the Australian, Austro-Malayan, Indo-Malayan, Manchurian and
Indo-Chinese subregions of Wallace’s zoogeographical classification. We discuss
the results in light of the Pleistocene vs. post-Pleistocene dispersal and faunal
exchange in the Asia-Pacific area. Fourteen haplotypes were detected, of which 10
were confined to a single subregion. No haplotype was ubiquitous and only one
was found in four subregions. Population diversity, HS, was greatest in the
Indo-Malayan (0.36) and heterogeneous among subregions. The mean subregional
diversity was 0.21 0.03, representing the probability that two randomly
chosen flies, from any subregion, had different haplotypes. The hierarchical
partition of diversity indicated restricted maternal gene flow among subregions
(GRT¼ 0.60, Nm  0.32). These results suggest long-standing genetic isolation of
houseflies in the Malaysian archipelago and support the hypothesis that they
dispersed widely during the Pleistocene. Haplotypes common among mainland
populations but shared with island groups in low frequencies (<1%) indicate
surprisingly little recent gene flow.
Key words. Musca domestica, biogeography, houseflies, mitochondrial diversity,
Pleistocene, single-strand conformational polymorphisms, Asia, Asia-Pacific,
Malaysian archipelago.
Introduction
Musca domestica, the housefly, is a cosmopolitan,
synanthropic (Greenberg, 1976), colonizing insect (Krafsur
et al., 1992) that shows much genetic diversity across its
geographical distribution. Marquez & Krafsur (2002a)
reported a world-wide zoogeographical survey of mitochon-
drial diversity in 111 samples based on analysis of single-
strand conformational polymorphisms (SSCPs). The survey
showed highly structured levels of diversity in houseflies.
The average population diversity, HS, was 0.28 0.01,
which means that approximately one of three flies, ran-
domly chosen from within any region of the world, differed
in their mitochondrial genomes (mtDNA). Hierarchical
analysis (Nei, 1987) of total diversity, HT, afforded an
average differentiation among regions, GRT, of 0.49 0.03,
which estimates the probability that any two flies from
different regions have different haplotypes. Such biological
characteristics make the housefly an interesting model
organism to study intraspecific evolutionary processes.
Houseflies, like most animal species, exist in discrete units
that exchange reproducing migrants with different rates and
patterns. Because of environmental heterogeneity, the spa-
tial distribution of populations is uneven and their dispersal
restricted, even though houseflies are highly vagile and
capable of adapting to local conditions (Oldroyd, 1964).
Therefore, gene flow cannot be regarded simply as a
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function of the spatial distances among populations and
should be analysed under the island model of population
structure (Russet, 2001). Assuming the island model and
following theory, the effects of mutation, gene flow, drift,
and selection will determine whether populations remain
cohesive, i.e. genetically homogeneous, or progressively
become evolutionarily independent (Futuyma, 1998). Thus,
population structure and speciation are just two spatial and
temporal scales of the process of evolution, thereby making it
important to understand how polymorphism is generated and
maintained in populations as genetic differentiation proceeds
(Nei & Kumar, 2000).
The Pleistocene epoch, c. 1.8 million years ago (Ruddiman,
1981) was characterized by great climatic fluctuations, with at
least four periods of glaciation, the last one ending about
10 000 years ago. It is estimated that the glaciations lowered
sea levels c. 100–150 m below today’s level, such that most
islands in the Malayan archipelago, mainland Asia, Papua
New Guinea, and Australia became connected (Ruddiman,
1981). Successive land bridges likely provided opportunities
for repeated inter-island faunal exchange and colonization
from the Asian continent. With retreating glaciation it
seems plausible that there were population reductions as sea
levels rose, thereby promoting genetic differentiation. Under
that premise, we examine spatial diversity and gene flow
among houseflies in the Indo-Malayan and Austro-Malayan
subregions (Fig. 1). There are numerous ports and relatively
isolated coastal settlements on many of these islands, and
some islands are quite small and isolated, e.g. Palau. Their
housefly populations may have derived from separate, early
introductions and subsequent genetic drift may have been
substantial, depending on the size and frequency of new
introductions. Alternatively, gene flow may be more exten-
sive and frequent because of the substantial naval and air
traffic from 1941 to 1945 and the growing commercial traffic
since then. We address the following questions:
(i) Is the current spatial distribution of mtDNA haplotypes
consistent with the hypothesis of housefly dispersal dur-
ing the Pleistocene?
(ii) Is there evidence of post-Pleistocene dispersal and colon-
ization and if not, do endemic populations have a
selective advantage over immigrants?
Materials and methods
Forty-seven housefly collections in were made in five sub-
regions: the Austro-Malayan [islands of Bali, Sumbawa,
Lombok, Papua (Irian Jaya), and Palau]; the Indo-Malayan
(islands of Java, and Sumatra); the Manchurian (Beijing,
Okinawa, and Korea); the Indo-Chinese subregion
(Thailand and Laos), and the Australian subregion. These
zoogeographical subregions were delineated by Wallace
(1876). Flies were caught by using sweep nets. They were
killed and preserved in aqueous 70–85% ethanol, and kept
at 4C until processing. Most geographical coordinates
were obtained by using the global positioning system (GPS).
Total DNA was extracted from ethanol preserved flies
as described (Marquez & Krafsur, 2002), resuspended in
100 mL of double-distilled autoclaved water, and stored at
20C.
Oligonucleotide primers N1-J-12585 (50-GGTCCCTTAC-
GAATTTGAATATATCCT-30) and LR-N-12866 (50-ACAT-
GATCTGAGTTCAAACCGG-30) were used to amplify a
300bp fragmentof the 16S ribosomalRNA(16S2) gene.Primers
C2-J-3279 (50-GGTCAAACAATTGAGTCTATTTGAAC-30)
and C2-N-3494 (50-GGTAAAACTACTCGATTATCAAC-30)
were used for amplification of a 214bp fragment of the
cytochrome oxidase II (COII) genes (Simon et al., 1994).
Polymerase chain reaction (PCR) and SSCP methods were
outlined earlier (Marquez &Krafsur, 2002).
SSCP gel phenotypes were visualized by silver staining as
described in Black & DuTeau (1997). They were identified
by measuring their migration distances from the gel origin,
by referencing their migration to that of the 200 bp
fragment of the Fx174/HinfI (Promega G1751, Madison
WI, U.S.A.) size marker, and by comparing their migration
to that of allele standards in each gel.
Analysis of allele and haplotype frequencies was per-
formed by using Nei’s formulae (Nei, 1987). The unbiased




where xi is the frequency of the ith haplotype. The average












Fig. 1. Asia and the Western Pacific, showing some of the housefly
sampling locations.
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The minimum genetic distance between two populations
is
Dij¼ ½ðJiþJjÞ=2Jij ;
where Ji¼Spi2, is the identity of population i, and Jij¼
Spipj is the shared identity between populations i and j.
Thus Dij represents the amount of identity unshared




is the diversity between populations. The variance of DST
was estimated according to Nei & Roychoudhury (1974).
The total gene diversity, HT, was estimated as the sum of
the diversities within populations, HS, between populations
within subregions, DPS, and diversity between subregions,
DST, according to the relation,
HT ¼ HS þDPSþDST;
with
VarðHTÞ ¼ VarðHSÞ þ VarðDSTÞ þ 2CovðHS;DSTÞ:
Genetic differentiation between subregions was estimated
as
GST¼DST=HT;
and that among populations within subregions as
GPS¼DPS=HT:
GST is analogous to Wright’s FST and can be used to esti-
mate rates of gene flow according to the island model,
Nm ð1GSTÞ=2GST;
where Nm is the mean number of reproducing females per
generation. The variance of GST was estimated according to
Chakraborty (1974).
Correlation analysis between genetic and geographical
distance matrices was performed according to Smouse
et al. (1986). The matrix correlation index was estimated
as
rXY¼ SCPðX ;YÞ=½SSðXÞSSðYÞ1=2;
where SCP is the sum of squares and cross products of
matrix X and Y and SS is the sum of squares. The
confidence interval for the matrix correlation index was
estimated by permuting the N– 1 columns and rows on
one matrix while holding the other one constant. After
each resampling, the correlation index was computed and
its null distribution established.
Estimates of gene flow were derived from the average
conditional frequency of private alleles p(1) of Slatkin
(1985) and Slatkin & Barton (1989):
Nm  log101f½log10ðpð1ÞÞ þ 1:1= 0:58g:
The Kruskal–Wallis one-way ANOVA was used to test
hypotheses of equality of haplotype counts and diversity
estimates among population groups. Genetic and statistical
analyses were calculated by using SAS version 8.2 (SAS
Institute, 2001).
Results
Fourteen haplotypes were detected in 1156 flies from 47
sampling sites, none was found in all five subregions, one
was shared among four subregions, and three shared
among two subregions. The remaining 10 haplotypes were
confined to only one subregion (Table 1). Four haplotypes
were found in the Manchurian subregion (China, Korea,
and Okinawa). There were four private, and three singular
(e.g. found in one fly only) haplotypes. The average
frequency of private haplotypes yielded an estimate of gene
flow of approximately one reproducing female every two
generations, equivalent to a fixation index FST 0.50.
The numbers of haplotypes in subregions were
heterogeneous (Table 2). The Indo-Chinese and Indo-
Malayan regions each had seven haplotypes, half of the
total number observed, whereas the Australian showed only
one. Thirty of 47 populations (64%) were polymorphic, and
the average number of haplotypes per population was
1.90 0.13. Average gene diversities varied from 0.09 in
the Manchurian subregion to 0.36 in the Indo-Malayan
region and were heterogeneous (Table 2). Four of 10
continental populations were monomorphic, compared
with 13 of 37 island populations, a homogenous rate of
36%.
The total diversity,HT, was 0.89 0.04 and was composed
mostly of diversity among subregions, DRT¼ 0.54, which
estimates the average amount of diversity unshared among
subregions; it can also be interpreted as the average genetic
distance among subregions (Table 3). The hierarchical
partition of diversity showed little differentiation within,
GPR¼ 0.23, and much more among subregions, GRT¼ 0.60.
GRT is the probability that two randomly chosen flies from
any two subregions have different haplotypes.
The mean pairwise differentiation index within subre-
gions (GPR) was 0.47, and the mean between subregions
(GRT) was 0.74 (Table 4). There was considerably greater
differentiation between island and mainland populations
than within either. The degree of differentiation was very
weakly correlated with the geographical distances between
island and continental sample sites (r¼ 0.052 0.001),
consistent with an assumption of Wright’s island model
(Table 5).
Discussion
Our survey of mtDNA diversity in houseflies from the
Western Pacific region is relevant to the spatial deployment
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of maternal genealogies (Avise, 1994; Arbogast & Kenagy,
2001). We consider of particular importance the empirical
evaluation of genetic drift, caused by a palaeo-climatological
process, on intraspecific differentiation of a highly dispersive
and adaptive species such as the housefly.
Haplotype distribution
The spatial distribution of haplotypes was discrete, as
indicated by the number confined to only one subregion (10
of 14, or 71%) and by the proportion (50%) of private
haplotypes of frequencies 0.10. The only haplotype (EH)
shared by four subregions was common on islands
(Australia 100%, Indo-Malayan 75%, and Austro-Malayan
77%), less common in Manchuria (25%), and undetected in
Indo-China. By contrast, the most common haplotype (EA)
in mainland samples was rare or absent in island samples. It
is interesting, however, that haplotype EA was found in the
Palearctic and New World at frequencies 15% (Marquez
& Krafsur, 2002a).











AA 3.13 – – – – 1
AE 25.00 – – – – 1
AF 1.04 – – – – 1
AH – 3.96 – – – 3
BH – 2.92 3.73 – – 9
BJ – 0.21 – – – 1
DA – – 17.70 – – 3
EA 64.58 0.42 – 69.64 – 9
EB 1.04 – – 1.79 – 2
EE – 0.42 – – – 1
EH – 74.00 78.57 26.19 100.0 36
EJ – 18.13 – 2.38 – 18
EQ 1.04 – – – – 1
IA 4.17 – – – – 2
Table 2. Number of haplotypes and diversity estimates in Asia-Pacific houseflies.
No. of No. of haplotypes
Subregion Population Samples Flies Observed* Shared
Gene diversityy
HSSE
Australian Canberra 1 45 1 1 0.00 0.00
Mackay 1 21 1 1 0.00 0.00
Proserpine 1 24 1 1 0.00 0.00
Total (mean) 3 90 1 (0.00 0.00)
Austro-Malayan Bali 4 92 1 1 0.00 0.00
Papua 4 92 2 2 0.14 0.08
Lombok 2 48 2 2 0.11 0.05
Sumbawa 1 24 2 2 0.16 0.09
Palau 3 58 2 1 0.07 0.03
Total (mean) 13 323 4 2 (0.08 0.05)
Indo-Malayan Java 14 336 7 4 0.42 0.08
Sumatra 6 144 3 3 0.22 0.05
Total (mean) 20 480 7 3 (0.36 0.06)
Indo-Chinese Laos 1 24 1 0 0.00 0.00
Thailand 3 72 6 4 0.26 0.06
Total (mean) 4 96 7 (0.19 0.08)
Manchurian Korea 3 72 2 2 0.08 0.06
Okinawa 1 48 1 1 0.00 0.00
China 2 48 2 2 0.16 0.07
Total (mean) 6 168 2 (0.09 0.05)
Total (Mean) 47 1156 14 (0.21 0.03)
*Among subregions (2KW,4¼ 14.09, P¼ 0.007).
yAmong subregions (2KW,4¼ 20.55, P¼ 0.004).
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We suggest the foregoing haplotype distribution is largely
a result of long-term, Pleistocene isolation of island
populations among which have occurred some recent
introductions of houseflies. The archipelago last became
separated from mainland Asia about 10 000 years ago (White
& O’Connell, 1982). Human colonization of the Malayan
archipelago is thought to have occurred about 40 000–
50 000 years ago (Stoneking et al., 1990), at which time the
initial colonization by synanthropic houseflies may have
occurred. If so, houseflies became established in Australasia
no later than the last glaciation and probably well before
that. Moreover, the presumptively founding populations
may have experienced drastic changes in size caused by
successive changes in climate and sea levels, ultimately
resulting in differentiation through genetic drift and lineage
sorting (Avise, 1994).
Three of the eight housefly haplotypes in the Western
Pacific were found elsewhere. One haplotype (EE) was
found in the New World, and two (EH, EJ) occurred in the
Palearctic. Haplotype EE was more common in the New
World (frequency of 0.16) than in the Oriental Western
Pacific (0.04). By contrast, haplotypes EH and EJ were
much less common in the Palearctic (0.23 and 0.01,
respectively) than in the Oriental region (0.52 and 0.12,
respectively).
Gene diversity
The mean within-population diversity averaged over the
five subregions was 0.14 0.01. Only 46% of this gene
diversity was shared among subregions (1DRT¼ 0.46).
This endemism may be explained by Pleistocene isolation of
Indo- and Austro-Malayan populations, and by more
recent introductions of mainland haplotypes into the
archipelago. Gene diversity exponentially decreases as the
number of generations increases, unless supplemented
through mutation and migration; in general, gene flow is
the stronger diversifying force (Wright, 1978; Slatkin,
1987). Thus, island populations would not be expected to
show high levels of diversity, unless there have been
haplotype influxes from other regions. A high rate of
immigration could be expected in our study region because
of naval and commercial traffic beginning in the nineteenth
century.
Genetic differentiation and gene flow
Housefly differentiation among subregions, GRT, was 0.60,
a value not much different from that observed in Nearctic
populations (GRT¼ 0.53; Marquez & Krafsur, 2003).
Population differentiation within subregions, GPR, was
0.23. Mean subregional differentiation translates into an
average of 0.32 reproducing females per generation, and 1.6
among populations within subregions, assuming the island
model (Wright, 1978). The lack of linear correlation
between the genetic and geographical distances supports
an assumption of the island model, where the rate of gene
flow among islands is independent of the distances
separating them. The estimate of gene flow among
subregions based on private alleles was 0.5 reproducing
females per generation, not greatly different from the estimate
based on Nei’s GRT. Housefly propensity for dispersal is
documented ecologically (Bishopp, 1916; Quarterman et al.,
1954; Skidmore, 1985) and genetically (Krafsur et al., 1992).
It is interesting, therefore, that despite greatly enhanced
opportunities for human assisted passage of houseflies
during the past 200 years, the rate of gene flow among
subregions seems to have been restricted. This restriction
implies that reproductively successful introductions have
been small, thereby raising the likelihood of competitive
exclusion or maladaptation of ‘foreign’ haplotypes.
Comparative considerations
Our results are in accord with those obtained in plants and
other animal taxa in the Western Pacific. For instance, high
levels of endemism in New Zealand flora are attributed to
Table 3. Hierarchical partition of mitochondrial diversity in
Musca domestica L. in the Asia-Pacific region.
Diversity
Within populations (HS) 0.15 0.01
Among populations within subregions (DPR) 0.21 0.01
Among subregions (DRT) 0.54 0.01
Total (HT) 0.89 0.04
Differentiation
Among populations within subregions (GPR) 0.23 0.02
Among subregions (GRT) 0.60 0.12
Table 4. Genetic differentiation indices within subregions (GPR, diagonally in bold italics), between regions (GRT, above diagonal), and gene








Australian 0.00 0.83 0.90 0.32 0.94
Austro-Malayan 0.12 0.77 0.86 0.48 0.89
Indo-Chinese 0.05 0.08 0.64 0.73 0.75
Indo-Malayan 1.05 0.54 0.19 0.16 0.72
Manchurian 0.03 0.06 0.17 0.19 0.80
Average differentiation within regions GPR¼ 0.47, between regions GRT¼ 0.74.
Housefly diversity in the western Pacific 433
# 2003 The Royal Entomological Society, Medical and Veterinary Entomology, 17, 429–435
Pleistocene climatic cycles causing extinction followed by
recolonization and local adaptation (McGlone et al., 2001).
Gene diversity in Cerambycid beetles, caddis flies, and
geometrid moths in the Indo-Australian region show
fine-grain endemism among islands (Holloway, 2003).
Genealogical analysis of mitochondrial genes cytochrome
oxidase I and 16S ribosomal DNA of Tetragnatha spiders in
the archipelagos of Hawaii, the Marquesa islands and
Society islands indicated great genetic divergence, thereby
suggesting independent origins from continental populations
(Gillespie, 2002).
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